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A three-tetrad quadruplex 18 , composed of two G-quartets 19 stacked above a mixed-sequence tetrad and stabilized by two K + ions (M A Green fluorescent protein (GFP) has transformed the study of proteins at the level of single molecules to whole organisms 1, 2 . GFP is uniquely versatile because it can be genetically encoded 3 and because its fluorescence properties have been amenable to structure-guided engineering 4, 5 . Only recently has an analogous tool for the study of RNA, the fluorogenic aptamer Spinach 6 , become available. Spinach is a 97-nt RNA selected in vitro to bind to DFHBI ((Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one) (Fig. 1a) , a small-molecule mimic of the intrinsic chromophore 7 of GFP. In isolation, DFHBI is not fluorescent, but it exhibits fluorescence comparable to that of GFP upon binding to the RNA 8 . Although the fluorescence of several other small molecules is enhanced upon RNA binding 9, 10 , those dyes exhibit high background fluorescence and cytotoxicity, thus limiting biological applications 6 . In contrast, DFHBI is cell permeable and noncytotoxic, and its fluorescence is activated selectively by its cognate RNAs 6 . Spinach has been used to visualize RNAs in live cells by fluorescence microscopy 6, 8, 11 , leading to new biological insights 8 . Also analogously to those of GFP, Spinach fusions have been used to engineer live-cell fluorescent reporters for small molecules 12, 13 , enabling real-time imaging of the intracellular concentrations of metabolites [14] [15] [16] . To elucidate the mechanism of action of this powerful tool for RNA biology, we determined the cocrystal structure of Spinach bound to DFHBI (Supplementary Fig. 1 ), which revealed a chromophore-binding site of unprecedented architecture. The structure immediately provided a basis for miniaturization, allowing us to generate 'Baby Spinach' , a 51-nt aptamer with fluorescence comparable to that of the parental RNA. Moreover, sequence and NMRspectroscopy analyses suggest that G-quadruplexes are widespread in gFP and its derivatives revolutionized the study of proteins. spinach is a recently reported in vitro-evolved rna mimic of gFP, which as genetically encoded fusions makes possible live-cell, real-time imaging of biological rnas without resorting to large rna-binding protein-gFP fusions. to elucidate the molecular basis of spinach fluorescence, we solved the cocrystal structure of spinach bound to its cognate exogenous chromophore, showing that spinach activates the small molecule by immobilizing it between a base triple, a g-quadruplex and an unpaired g. mutational and nmr analyses indicate that the g-quadruplex is essential for spinach fluorescence, is also present in other fluorogenic rnas and may represent a general strategy for rnas to induce fluorescence of chromophores. the structure guided the design of a miniaturized 'baby spinach', and it provides a foundation for structure-driven design and tuning of fluorescent rnas. a r t i c l e s npg Density functional theory calculations on the anionic form of the GFP chromophore have shown that negative charge concentrates on the phenolate oxygen and on the O5 carbonyl oxygen of the imidazolone 20 . The interaction of G31 with DFHBI in the Spinach chromophore-binding site (Fig. 2a) is therefore consistent with the well-documented propensity 21 of the N1 imine of G nucleotides to bind to anions.
Seven RNA phosphates lie within an ~8-Å radius and surround the phenolic oxygen of DFHBI (Fig. 2b) . Such a concentration of negative charge would both attract diffuse counterions and provide specific cationbinding sites 22 . Two K + ions can be located crystallographically in this part of the complex, where they bridge RNA functional groups, waters and DFHBI. One of these (M C ) appears to occupy a particularly favorable cation-binding site because it is also clearly visible at lower resolution (Supplementary Fig. 3 ). Coordinated cations probably have an important role in the selectivity 6 of Spinach for the anionic form of DFHBI.
binding of alternate ligands to the chromophore-binding site It was shown previously that Spinach binds to DBrHBI ((Z)-4-(3,5-dibromo-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one) (Fig. 1a) with minimally reduced affinity (K d for DBrHBI and DFHBI of 950 and 530 nM, respectively), to produce 70% as much fluorescence as the DFHBI complex 23 . Presumably, the larger atomic radius of bromine is accommodated by slight expansion of the binding pocket and outward displacement of the halogen-bound water molecules. In the in vitro selection experiment from which Spinach was isolated, DFHBI was presented to the RNA pool immobilized through a linker attached to the N1 of the imidazolone. Consistently with this, Spinach does not interact with the methyl group attached to N1 in DFHBI, and the only nucleotide that approaches closely (A69) is part of a loop that projects away from the body of the RNA and is unlikely to be conformationally restrained in the absence of crystal contacts. Chromophore variants with modifications at N1 bind to Spinach with affinities reduced only modestly, to ~2 mM (ref. 23) . In contrast, modification of N3 of the imidazolone by addition of a hydroxyl group resulted in a drastic loss of affinity 23 and a large reduction in RNA binding-induced fluorescence; these results underscore the functional importance of the hydrogen bond donated to N3 by the 2′-OH of A64 of Spinach.
the spinach core is a g-quadruplex of new topology Although composed of only three tetrads, the Spinach G-quadruplex is formed by G residues distant in sequence, and it has an exceptionally intricate architecture with a nonparallel folding topology that is unprecedented 18 for RNA G-quadruplexes (Fig. 2c) . Half of the Gs are nonconsecutive. As a result, there are five connecting loops of at least 1 nt each; the longest is a remarkable 34 nt (ref. 24) . Two pairs of adjacent Gs in the 5′ half of Spinach (G25-G26 and G29-G30) are arranged in parallel and adopt the conventional anti conformation. G65, G68, G70 and G72 form the 3′ side of the G-quadruplex; three of these adopt syn conformations and one adopts an anti conformation, and each lies above or below a G of opposite strand polarity. Of the two K + ions (Fig. 2d,e) coordinated at the center of the three-tetrad quadruplex, M A is octacoordinate and equidistant from the planes of the two G-quartets, whereas M B lies between the lower G-quartet and the mixed tetrad and is heptacoordinate. The two K + ions are separated by 3.8 Å, as previously seen in other G-quadruplexes 25, 26 . The complex topology required for the Spinach G-quadruplex to connect to flanking duplexes on both sides may explain the folding difficulties exhibited by some Spinach sequences 8, 27, 28 .
transitions from g-quadruplex to duplexes Reminiscent of what was observed previously 29 in a 36-nt G-quadruplex RNA that binds to the fragile-X mental-retardation protein (FMRP), and M B ), forms the core of J2-3 ( Fig. 1c and Supplementary Fig. 1b) . DFHBI binds this element of complex tertiary structure. The secondary structure of Spinach differs drastically from that originally proposed on the basis of computational prediction 6 ( Supplementary  Fig. 2a ) but is fully compatible with all functional Spinach sequences ( Supplementary Fig. 2b ).
architecture of the chromophore-binding site The Spinach chromophore, which adopts a conformation with coplanar imidazolone and phenyl rings, is sandwiched between G26 and G65 of the top G-quartet and the Hoogsteen-paired U61 and A64 of the base triple of J2-3 ( Fig. 2a,b) . DFHBI also interacts extensively on the plane of its rings. First, the imidazolone is hemmed in by the RNA. The unpaired G31 of Spinach hydrogen-bonds to the DFHBI carbonyl oxygen and is in van der Waals contact with the bridging benzylidene carbon. On the other flank, the 2′-OH of A64 hydrogen-bonds to N3 of DFHBI. Second, the phenolate oxygen of DFHBI hydrogen-bonds with the 2′-OH of G26 and a water. Third, the fluorine atoms ortho to the phenolic oxygen each coordinate two waters. Supplementary  Fig. 4 ). The mean width (diagonal C1′-to-C1′ distance) of the two G-quadruplex tiers is 16.3 Å, and this width reduces to 13.8 Å for the mixed tetrad. This mixed tetrad is followed by the single-hydrogen-bond A24•A75 pair, the doubly hydrogen-bonded A23•G76 pair, the canonical G22-C77 pair and finally the doubly hydrogen-bonded U21•U78 pair. The G-quartets themselves also taper subtly, such that the bases of the lower G-quartet are somewhat crowded and exhibit propeller twist, while those of the top G-quartet are essentially flat (Supplementary Fig. 1b) . Also unlike the FMRP-binding RNA, in which the G-quadruplex is located at one of the ends of the molecule, the G-quadruplex of Spinach is connected to antiparallel A-form duplexes on both sides. The base triple atop DFHBI (Figs. 1 and 2a) allows transition from the upper side of the quadruplex to the duplex P3.
comparison to gFP Spinach-bound DFHBI is partially accessible to bulk solvent ( Fig. 3a and Supplementary  Fig. 3c,d ), unlike the deeply buried chromophore of GFP (Fig. 3b) 4, 5 . Both macromolecules hydrogen-bond to all available polar atoms of their respective chromophores (Fig. 3c,d ). Three differences reflect the different chemical natures of RNA and protein. First, unlike Spinach, which stacks planar heterocycles on each face of DFHBI, GFP relies on van der Waals contacts with aliphatic moieties to conformationally restrain the chromophore, thereby inducing fluorescence 1, 30 . Hence, there is little potential for p-p interactions between the chromophore and the protein. Second, GFP uses buried, ionizable amino acids to interact with its chromophore, both in ground and excited states 30 . In contrast, Spinach binds DFHBI with formally neutral moieties, supplemented with cations close to the chromophore. Thus, the fluorescence of Spinach can be modulated by soluble cations (Supplementary Fig. 3e,f) . Third, waters the mixed tetrad of Spinach serves as an adaptor to connect the four-stranded, mixed-polarity G-quadruplex in J2-3 to the canonical antiparallel P2 duplex. Unlike the FMRP-binding RNA, in which the quadruplex abruptly narrows to duplex through its mixed tetrad, Spinach uses additional noncanonical base pairs to taper gradually from 28 . Previous studies 6, 27, 28 have suggested that cis-trans photoisomerization of the Spinach-bound DFHBI accompanies rapid fluorescence loss upon illumination and that the recovery of Spinach fluorescence results from ejection of the photoisomerized chromophore, due to the low affinity of Spinach for trans-DFHBI, followed by rapid rebinding to excess cis-DFHBI present in solution. Our cocrystal structure indicates that the trans isomer would sterically clash and also form fewer hydrogen bonds with the chromophore-binding site of Spinach ( Supplementary  Fig. 5a-c) . It is likely that in solution, residue A69 (Figs. 1c and 2a) would be mobile, functioning as a portal allowing easy egress of quenched trans-DFHBI from, and ingress of cis-DFHBI to, the preorganized RNA (Supplementary Fig. 1g) . Moreover, easy access by external water (and dissolved oxygen) to the bound DFHBI ( Fig. 3a and  Supplementary Fig. 3c,d ) may also facilitate permanent photochemical destruction of the RNA-bound chromophore.
miniaturization and fluorescence tuning of spinach Mutagenesis corroborates the functional importance of the observed DFHBI-Spinach interactions (Fig. 4a) . Disruption of the G-quartets (G29C and G30C) reduces fluorescence to background, thus underscoring their critical role in chromophore binding and fluorescence activation. Mutation of the base triple atop DFHBI (U32A and A64U) reduces fluorescence by 90% while also inducing a 45-nm blueshift of the excitation maximum. This suggests that DFHBI fluorescence is tightly coupled to the electronic properties of the nucleobases sandwiching it and is thus a promising avenue for spectral tuning. The critical importance of the interaction between the Watson-Crick face of G31 and DFHBI is demonstrated by the G31C mutation, which abrogates fluorescence.
Our cocrystal structure indicates that interactions between Spinach and DFHBI are restricted to J2-3. This prompted us to generate the miniaturized Baby Spinach consisting solely of J2-3 flanked by A-form duplexes (Supplementary Fig. 5d) . In solution, G-quadruplexes exhibit imino resonances between 10.5 and 12.5 p.p.m. that do not readily exchange with bulk solvent 31 . NMR analyses demonstrate that both Spinach and Baby Spinach, when in complex with DFHBI, exhibit these resonances (Fig. 4b,c) . Baby Spinach retains ~95% of Spinach fluorescence intensity (Fig. 4a) . Thus, J2-3 alone is responsible for essentially all the fluorogenic activity of the RNA. The compact size of Baby Spinach, only half as large as the parental RNA, is likely to further reduce 6 the possibility of live-cell artifacts when fused to biological RNAs. interact with both chromophores, but those in GFP are in a buried pocket 30 , whereas those in Spinach are accessible from the outside (Fig. 3) . Therefore, DFHBI and its associated ions and waters can more readily exchange with bulk solvent, consistently with the photophysical properties of Spinach 6,27,28 . [32] [33] [34] [35] [36] , G-quadruplexes are not highly represented among structurally characterized RNAs. The discovery of a G-quadruplex in the core of Spinach is unexpected because its sequence does not contain any canonical G-quadruplex sequence motifs 37 , and it is not unusually G rich. Our analysis suggests that a G-quadruplex is well suited for an RNA that induces fluorescence of a chromophore such as DFHBI by simultaneously restricting it to a planar conformation and also hydrogen-bonding to functional groups on its edges. The symmetry of a G-quartet 19 , and its stabilization by an axially coordinated cation 18, 38 , leads to a stable, flat and hydrophobic surface. In contrast, nucleobases forming conventional Watson-Crick base pairs or base triples are often not coplanar, exhibiting a degree of propeller twist. Equally importantly, the surface of a G-quartet is large enough to accommodate not only DFHBI but also additional RNA moieties on the same plane, poised to hydrogen-bond to the chromophore. Thus, G31 and DFHBI, which form functionally critical hydrogen bonds, are kept strictly coplanar (Fig. 2a) .
Because Spinach was selected from 5 × 10 13 random-sequence RNAs on the basis of function 6 , its architecture may indicate that G-quadruplexes represent an optimal strategy for RNAs to induce fluorescence from a small-molecule chromophore. Reappraisal of the sequences of other RNAs selected to bind GFP-derived chromophores 6 has shown that G tracts are unusually common. We examined by NMR '13-2 min' , a particularly G-enriched fluorogenic RNA 6 . We found that it, too, exhibits resonances characteristic of G-quadruplexes (Fig. 4d) , although its NMR and fluorescence spectra (Fig. 4e) imply a different structure from that of Spinach or Baby Spinach. All three RNAs examined have imino protons that are not well protected from exchange with solvent in the absence of the chromophore, thus suggesting stabilization or occlusion of their chromophore-binding sites by DFHBI binding.
Discussion
We have determined the structure of an RNA that can induce fluorescence of a GFP-like chromophore, which revealed that the DFHBIbinding site contains a G-quadruplex of unprecedented topology. Although Spinach is the first known example of a fluorogenic RNA with a G-quadruplex in its chromophore-binding site, our analysis suggests that this nucleic acid structural motif is generally well suited to activate the fluorescence of bound small molecules. The structure of Spinach demonstrates how a single polynucleotide chain can fold such that it flanks a four-stranded G-quadruplex on both sides with canonical antiparallel A-form duplexes and suggests how G-quadruplexes may be inserted into other intricately folded RNAs without interrupting helical stacking. The Spinach structure has already allowed dramatic minimization of Spinach without changes in fluorescence properties, to yield Baby Spinach. As demonstrated by the spectral changes induced by mutations and cation replacement (Fig. 4a and Supplementary Fig. 3e,f) , the fluorescence properties of Spinach can be readily tuned, and our cocrystal structure now opens the way for structure-guided molecular engineering of the next generation of fluorogenic tools for RNA biology. 53 , to yield a near-complete model. Further rounds of manual rebuilding were interspersed with maximum-likelihood restrained refinement with SAD data with Refmac5 (ref. 54 ). TLS refinement was applied in the last rounds before placement of DFHBI and nearby ions. ERRASER 55 was also used before addition of DFHBI to improve RNA geometry. Ba 2+ and K + ions were identified by inspection of anomalous difference Fourier syntheses. The heavy atom substructure of crystal I used for SAD phasing consisted of seven Ba 2+ ions, but all but one were later replaced with K + , on the basis of coordination geometry, B factors, and magnitude of the imaginary component of the anomalous scattering factor. The sequence register was confirmed by inspection of an anomalous difference Fourier synthesis of crystal III, which contained a site-specific uracil-to-5-iodouracil substitution of nucleotide 18 (Supplementary Fig. 1c) . The orientation of the bound chromophore was corroborated by inspection of an anomalous difference Fourier synthesis of crystal IV, which contained DBrHBI in place of DFHBI (Supplementary Fig. 1d ). The Ba 2+ cocrystal structure (crystal I) consists of 91 RNA residues, 1 DFHBI molecule, 10 K + ions and 1 Ba 2+ ion, and 4 sucrose and 15 water molecules, and it was refined at 2.8 Å. The structure of crystal II was solved by molecular replacement with PHASER 56 with a partial model built with crystal I data as a search model (TFZ = 10.0; LLG = 1993). Refinement was carried out as above, but with nonanomalous crystal II structure-factor amplitudes. This cocrystal structure consists of 91 RNA residues, 1 DFHBI molecule, 3 K + and 1 Mg 2+ ions, and 5 water molecules, and it was refined at 2.9 Å. The anomalous difference Fourier synthesis for crystal III amplitudes was calculated with phases derived from a molecularreplacement 56 solution obtained with a partial model of crystal I as a search model (TFZ = 14.2; LLG = 439) and following a single round of refinement 57 . Phases for the anomalous difference Fourier synthesis for crystal IV amplitudes were generated from a molecular-replacement 56 solution obtained with two copies of a partial model of crystal I as a search model (TFZ = 13.2; LLG = 185), and a single round of refinement 57 . Refinement statistics are summarized in Table 1 . Except where noted, structural figures were prepared with PyMOL (http://www.pymol.org/) and the refined crystal I structure. The molecular surface of the chromophore-binding pockets of GFP and Spinach (Fig. 3c,d) were generated with HOLLOW 58 .
Fluorescence spectroscopy. RNA corresponding to one Spinach complex (Spinach, RNAs 3 and 4; Baby Spinach, RNA 9; G29C and G30C, RNA 5; U32A and A64U, RNA 7; G31C, RNA 8; ion experiments, RNAs 3 and 4) was heated to 95 °C for 2 min in Tris-HCl, pH 7.5, and KCl (if present) and cooled on ice for 2 min. BaCl 2 , MgCl 2 or LiCl (if present) was added, DFHBI was added to 10 mM, and DEPC-treated water was added to adjust the final concentrations of RNA, HEPES and KCl. The solution was heated to 65 °C for 5 min and cooled to 25 °C over 15 min. Final concentrations for Spinach and Spinach mutants were 40 mM Tris-HCl, pH 7.5, 125 mM KCl, 5 mM MgCl 2 , 1 mM RNA and 10 mM DFHBI. Final concentrations for cation experiments were 40 mM Tris-HCl, pH 7.5, 1 mM RNA, 10 mM DFHBI and cation concentrations as listed in Supplementary  Figure 3e ,f. Ionic strength was kept consistent across all conditions. Fluorescence spectra were collected in technical triplicate with a PTI fluorimeter at 293 K. Fluorescence was normalized to that of 1 mM Spinach (RNAs 3 and 4) in 40 mM Tris-HCl, pH 7.5, 125 mM KCl, 5 mM MgCl 2 and 10 mM DFHBI. When spectra of multiple samples are compared, they have been normalized to peak absorbance.
SAXS. RNA 12 in 1× SAXS buffer (50 mM HEPES-KOH, pH 7.3, 50 mM KCl, 5 mM MgCl 2 and 2.5% DMSO) was purified by size-exclusion chromatography (Superdex 200, GE Life Sciences). RNA samples were then exhaustively exchanged into buffer (1× SAXS or 1× SAXS supplemented with 100 mM DFHBI) with Amicon centrifugal microconcentrators (Millipore). RNA samples were diluted to a final concentration of 0.5 g/L. SAXS experiments were performed at beamline 12-ID-C of the APS. Scattering data were reduced to a one-dimensional scattering plot with IGOR PRO (WaveMetrics). R g values were calculated from a Guinier plot in the q range, such that q max × R g ~1.3. PRIMUS 59 was used to generate the pair probability distributions (P(r)). Kratky and P(r) plots are presented normalized to I 0 . CRYSOL 60 was used to calculate the expected scattering profile for the refined crystal I structure. SAXS analyses are summarized in Supplementary Table 1. NMR. RNA corresponding to an aptamer complex (RNAs 3 and 4; RNA 9; and RNA 10) was heated to 95 °C for 2 min in HEPES-d 18 , respectively, Fig. 1a) have been described previously 6, 23 .
Design of crystallization constructs. Crystallization constructs composed of two strands ('Split Spinach') were prepared by deletion of a stem-loop that has been shown to be functionally dispensable because it can be deleted 6, 41 or replaced with aptamers to various metabolites or proteins without affecting fluorescence 14, 15, 42 . When bound to DFHBI, Split Spinach constructs (Supplementary  Table 2 ) exhibit the same fluorescence as does the parental single-chain RNA (Supplementary Fig. 1a) .
RNA preparation. The 13 RNA constructs used in this study are listed in Supplementary Table 2 . RNAs 1-12 were prepared by in vitro transcription from PCR templates, essentially as described previously 43 . RNA 13 was purchased from Dharmacon. RNAs were purified by electrophoresis on 8-12% polyacrylamide, 1× TBE, 8 M urea gels (29:1 acrylamide/bisacrylamide) and were then electroeluted, desalted by ultrafiltration with Amicon centrifugal concentrators (Millipore) and stored at 4 °C. RNA for crystallization or SAXS was washed once with 1 M KCl before the desalting.
Crystallization and diffraction data collection. An equimolar mixture of two RNA strands (crystals I, II and IV, RNAs 1 and 2; crystal III, RNAs 2 and 13), corresponding to one Split Spinach complex, was heated to 95 °C for 2 min in HEPES-KOH, pH 7.3, and KCl and cooled on ice for 2 min. BaCl 2 or MgCl 2 was added to 5 mM, DFHBI or DBrHBI in DMSO was added to 250 mM, and DEPC-treated water was added to adjust the final concentration of RNA, HEPES and KCl. The solution was heated to 65 °C for 5 min and cooled to 25 °C at a rate of 0.1 °C per second. Final concentrations were 30 mM HEPES-KOH, pH 7.3, 10 mM KCl, 2.5% (v/v) DMSO, and 200 mM each RNA (crystals I and II), 250 mM each RNA (crystal III) or 146 mM each RNA (crystal IV). For crystallization by the hanging-drop vapor-diffusion method, the RNA-chromophore complex was mixed 1:1 with a reservoir solution consisting of 0.1 M succinate-KOH, pH 7, NaCl (crystal I, 0.25 M; crystals II-IV, 0.5 M), PEG 3350 (crystal IV, 18%; crystals I-III, 20%), MgCl 2 (crystals II-IV, 5 mM) or BaCl 2 (crystal I, 5 mM), and sucrose (crystal I, 15%; crystal II, 10%; crystal III, 6%). Crystals grew in 1-8 weeks to maximum dimensions of 400 × 400 × 400 mm 3 and fluoresced intensely above background when illuminated with ultraviolet light (not shown). Crystals I, II and III were vitrified by mounting in nylon loops and plunging directly into liquid nitrogen. Crystal IV was briefly washed with mother liquor supplemented with 10% (v/v) ethylene glycol before mounting and vitrification. Crystals I, II and III contain one Spinach-DFHBI complex per crystallographic asymmetric unit (a.u.); crystal IV contains two Spinach-DBrHBI complexes per a.u. Single-wavelength anomalous dispersion (SAD) data from crystal I were collected at 100 K with 1.5498 Å X-radiation at beamline 5.0.2 of the Advanced Light Source (ALS). Crystal I data were initially integrated, scaled and merged with HKL2000 (ref. 44 ) and later reintegrated with iMosflm 45, 46 and rescaled and remerged with AIMLESS 47 . The space-group assignment was confirmed with POINTLESS 48 . Nonanomalous and anomalous data from crystals II and III, respectively, were collected at 100 K with 0.9792 Å and 1.9074 Å X-radiation, respectively, at beamline 24-ID-C of the Advanced Photon Source (APS). Data from crystals II and III were indexed, integrated and scaled with the NE-CAT RAPD pipeline, which uses XDS 49 and SCALA 48 . Data from crystal IV were collected at 100 K with 0.9063 Å X-radiation at beamline 11-1 of the Stanford Synchrotron Radiation Lightsource (SSRL) and processed with HKL2000 (ref. 44) . Data-collection statistics are summarized in Table 1 .
Structure determination and refinement. The anomalous signal for crystal I was weak (|DF|/s(DF) = 1.14). After data preparation with SHELXC 50 , SHELXD 51 was run with resolution cutoffs ranging from 3.3 Å to 4.7 Å, searching for 4 to 24 anomalous scatters as the substructure. Each run comprised one million tries. The best substructure was obtained with default parameters, a resolution cutoff of 3.6 Å and searching for 24 marker atoms. SHELXE 50 was run for 120 cycles of density modification, keeping seven of the marker atoms as the heavy atom substructure. The resulting electron density map (Supplementary Fig. 1b ) allowed initial tracing of the RNA chain with COOT 52 . Iterative rounds of manual rebuilding were interspersed with rigid-body, simulated annealing and individual isotropic npg
